Infrared thermography (infrared camera and software) has long been used to detect thermal irregularities before failure in electrical and mechanical equipment. It has also proven to be very beneficial in troubleshooting and identifying specific thermal variations in the melt spinning and processing of polyester fibers, enabling such processes to be brought under tighter control. Typical results include greater uniformity, better efficiency and improved quality. This paper provides insights on the use of this effective tool.
Introduction
All objects above absolute zero (0° Kelvin) emit infrared radiation. The infrared region of the electromagnetic spectrum is just above what can be seen with the human eye and contains an immense amount of radiated energy, which makes infrared imaging a useful tool for analyzing heat related problems. Infrared cameras are capable of detecting and converting these invisible radiated wavelengths into visible light images that can be displayed on a screen. They can also be stored on computer disk, PC card and recorded on videotape. These infrared images can be displayed in several color palettes where the color patterns represent temperature differences being radiated from the surface of the object being scanned. Because the infrared energy being emitted from the surface of an object is proportional to its temperature, infrared cameras capture accurate surface temperatures as well as images of surface temperature patterns. Infrared cameras are noncontact passive devices.
There are many familiar regions of the electromagnetic spectrum (Figure 1) . Some of these include gamma rays, xrays, ultraviolet, visible light, infrared, and radio waves. The infrared wavelengths are just above the visible light area and extend to the microwave region of radio waves. The newer generation of infrared cameras operate in the 3.6-5 micron short wavelength and 7.5-13 micron long wavelength range of the spectrum. These wavelengths offer the best areas in the spectrum for usable infrared information, and there is a large concentration of infrared energy. Because of the large amount of energy in infrared wavelengths, temperature related information is much more reliable than in other sensing devices and technologies.
Eastman Chemical Company uses two different infrared cameras, three infrared thermometers and two digital photographic cameras (Figure 2 ) plus the sophisticated software package necessary to process and analyze images. The two infrared cameras are a Thermovision ® 550 and a Thermovision ® 570 manufactured by FLIR Systems, Portland, OR. Although similar in appearance and operation, the Thermovision ® 550 reads short 3.6-5 micron wavelengths and has a cooled infrared detector, while the Thermovision ® 570 reads long 7.5-13 micron wavelengths and has an uncooled detector. Each has specific advantages and disadvantages, but the use of different types of lens materials, lens coatings and filters make them virtually interchangeable in application use.
Both the 550 and 570 use Focal Plane Array (FPA) infrared detectors. An FPA detector is considered to be any detector that has more than one row and one column of detectors Use of Infrared Thermography To Improve The Melt Spinning And Processing of Polyester Fibers By Glenn Gibson and Mark Tincher, Specialty Polymers For Fibers, Reliability Technology Department, Eastman Chemical Company, Kingsport, TN together. For example, the smallest conceivable FPA detector would have a configuration of two rows and two columns of detectors. This configuration is basically described by the term "Array." The term "Focal Plane" refers to the location of the detector array in the optical path or the point at which the image is focused. Thus, in an FPA system, you have an array of detectors at a point where the image is focused. The 550 and 570 have an array of 320 columns and 240 rows of detectors or 76,800 discreet infrared detectors or pixels providing excellent visual and temperature resolution. By having an array of detectors staring at the scene rather than a single detector being scanned across the scene, infrared cameras have become much smaller, lighter and more power efficient.
Each camera, approximately 4.5 pounds, has an object temperature range of -20 to 1500°C with high temperature option, and a thermal sensitivity of < 0.15°C. They are powered by 12VDC metal hydride batteries, or optional 115VAC power supply. Their image storage capacity of 700 images includes voice comment of 30 seconds per image using a 170 Mbyte PC-Card.
The digital cameras are used to produce companion photographic images that allow visual observation of the object being displayed in the infrared image. Several examples in the paper use accompanying digital photographs.
Formal training and experience are vitally important to become a proficient Thermographer. We have 11 years of experience in this field. Three levels of certification courses have been completed and annual seminars attended to stay abreast of the latest techniques, developments, applications, and state-of-the-art equipment available on the market. While infrared imaging is a very valuable and reliable tool, many variables must be dealt with in order to achieve reliable results. More will be said about some of these variables in the specific examples to follow. This technology has been used in many diverse areas and applications during these 11 years and much has been learned from trial and error. Again, formal training and experience is a must to be able to use this technology.
Infrared imaging is commonly referred to as infrared ther-mography in industry and is primarily used as a preventive and predictive maintenance tool. The largest percentage of use has been devoted to finding heat-related problems in electrical distribution equipment prior to failure. Other maintenance and process applications include the measure of heat generation associated with electric motors, electricity producing generators, steam driven turbines, mechanical processing equipment, rotating machinery, insulation/refractory, and moving product streams. Real cost savings result by repairing electrical distribution equipment problems before they fail, and sometimes even more so by identifying heat-related problems associated with product processing equipment and processes. The net savings to our company alone has been $2.1 million dollars in 2000 from infrared surveys and scans and $1.5 million dollars in year to date in 2001. In one customer's plant, this technology has helped improve downgrades from 15% to less than 1%.
Many applications in the fiber/nonwoven technology area are applicable to use of infrared imaging. Not only is the more common electrical surveillance possible, but also monitoring of insulation efficiency, process set-ups such as extrusion and quenching parameters, oven and roll uniformity across the width or with time. Either still or video methods are possible.
The following examples illustrate some of the applications related to fiber/nonwoven technology.
Example 1: Insulation
Infrared imaging can be used to assess the efficiency of the insulating materials being used in Dowtherm boilers and supply piping in the extrusion process. Visual inspections and infrared surveys of many different types and applications of insulation have given a general rule of thumb regarding the condition of insulation. The rule is, "If insulation visually looks good, it probably is good." However, an infrared survey is the best way to verify this. Heat escaping from a source is readily visualized by the color scale displayed by the infrared camera. Figure 3 shows a Dowtherm boiler that is well insulated. In the center of the infrared image (on the right) is a small bright spot indicating a high heat spot where an instrument probe is entering the insulation covering. This is rather common and very little heat energy is escaping. On the left center of the infrared image, a pipe connection to the boiler has a removable type of insulation, which is warmer than the permanent insulation on the other parts of the boiler. The insulating THE EQUIPMENT material used in this type of application needs to be flexible and generally not as thick. The insulating properties vary from brand to brand and this particular one could be better.
The infrared image in Figure 3 has a green area on the right side slightly above center. This is reflected infrared energy from another source nearby. This is one example of a condition that needs to be recognized as reflected energy and not a problem source that needs correcting. Care must be taken when analyzing infrared images that appear to have hot spots but are actually reflections. One easy way of determining a reflection is by changing the position of the infrared camera. Usually, the reflection will disappear or look different. Cardboard or some other object can be used to block the unwanted source of infrared energy.
Using the color scale to discern temperature patterns of the infrared image in Figure 3 , a visual analysis reveals a considerable amount of usable and reliable information regarding the condition of the insulation. The thermometer at the right of the infrared image shows color to relative differences in temperature as the camera sees it even though the actual value may not be exact. One infrared image compared to another may look the same but be very different in actual temperature. The values of the upper and lower limits on the color/temperature bar must be taken into account. In some applications, a qualitative analysis is all that is needed to assess the condition of a particular piece of equipment, process, or material. However, when the need arises to quantify the temperature patterns by assigning accurate temperatures on the infrared image, a totally different approach must be taken. The following description is given as background to what different approach may be taken, and several examples are offered.
All objects radiate infrared energy, but not equally. Infrared cameras and infrared thermometers have an adjustable setting called emissivity. Emissivity is the measure of infrared radiation emitted from an object compared to a "blackbody." A blackbody is a theoretical object that absorbs and emits infrared radiation equally in all wavelengths, implying total absorption of infrared energy. A "blackbody," therefore, is a perfect radiator and has a setting of one (1.0) and a perfect reflector has a setting of zero (0.0). All objects fall somewhere between these points. The human body's emissivity is ~ 0.98 and bright aluminum foil is ~ 0.04. Tables or various forms of testing can determine the emissivity of objects. Once the emissivity of an object is determined, it can be set in the microprocessor of the infrared camera and accurate temperatures can be taken.
Special consideration must be given to the reflectivity of an object. For the surface of a given object, some infrared energy is reflected from the surface and some energy exiting the surface is reflected inward, therefore making a less perfect radiator. Often, the emissivity of an object is not known so other techniques must be used such as altering the surface with a substance of known emissivity. For example, flat black enam-el spray paint has an emissivity of 0.95, black vinyl electrical tape 0.97, masking tape 0.92 and others.
If the surface of the object is a highly polished metal and cannot be modified, then a qualitative analysis is the best alternative. The temperature patterns and thermal profiles are still very usable even without direct temperature readings. Figure 4 shows piping with improperly fitted removable insulation. It has a couple of areas (white) indicating heat escaping. This is an excellent example of an easily identified insulation problem. Temperature measurements cannot be made of the metal covering. But, another unusual application exists in this example. A crevice or hole extending an inch or more inside an object creates a blackbody effect. Cutting a 3/4-inch to 1-inch diameter hole in the metal covering and removing the insulation down to the pipe at selected locations can provide valuable information about the temperature of the process piping. This allows the Thermographer to make accurate temperature readings inside the hole.
Example 2: Insulation

Example 3: Polymer Dryers
Polymer drying is a very important step in preparing the polyester pellets for extrusion. Figure 5 shows a dryer that is basically uniform in temperature distribution. Because the dryer is painted, an accurate temperature reading can be made from the surface. The top of the dryer in the infrared image has an area sectioned off (Box 1) with a maximum temperature of 68°C. The middle of the dryer has an area sectioned off (Box 2) with a maximum temperature of 47°C. Both areas are very uniform in temperature and the dryer is operating normally. Some of the piping, piping connections and heater can also be seen in the infrared image. By comparing the pho- tograph on the left and infrared image on the right, different components can be identified.
Example 4: Extruder
The extruder heating zones shown in Figure 6 are the first two heater zones in this particular extruder and show some interesting thermal patterns. These heater zones have a metallic surface and exact temperatures cannot be made, however, areas have been sectioned off to give a temperature number. Area 1 is reading 105°C and area 2 is reading 117°C. Since both zones are made from the same metal and the front surfaces are relatively clean, the numbers can be used to show a differential temperature between the two zones. This can show that the zone heaters and instrumentation are operating properly. There is also a visible difference in the temperature patterns of the two zones, the lighter the color, the warmer the area.
The top of the right zone (zone 1) has some product or other substance on its surface. This modifies the surface and causes it to radiate differently from the other surrounding areas. If the substance that is on the surface has a known emissivity, then this can actually help to make an accurate temperature reading. If the substance is too thick however, it can actually create an insulating effect and reduce the accuracy of the reading. This is a condition that takes a great deal of experience working with metals to make an accurate assessment of the temperature readings.
Another thing to be aware of when scanning enclosed objects such as extruder heat zones or piping is that they will generally be hotter on top than on the sides and bottom. This is due to heat rising inside the object and accumulating at the top.
Example 5: Extruder Insulation
The outlet of the extruder in Figure 7 has a removable type of insulation covering the piping. In the infrared image, there is a hot area that is identified by a yellow box. This area has a temperature reading of 198°C and the other insulated area is reading approximately 50°C. In the extrusion process, cold spots can affect the overall quality of the product by changing the flow characteristics of the product inside the piping. It is very important to maintain the integrity of the insulation involved in these extrusion processes. Figure 8 shows two side-by-side metering pumps operating under the same condition. The one on the left most likely has a problem with a gearbox bearing overheating and the one on the right appears normal. Since both pumps are painted, accurate temperature readings can be made. The left pump has a maximum reading inside the area 1 circle of 66°C and the right pump has a maximum reading inside the area 2 circle of 55°C with a differential of 11°C. This is a significant difference and should be checked out by maintenance.
Example 6: Metering Pump
Example 7: Spinneret
Infrared Imaging can be used to show the thermal uniformity across the surface of a spinneret, including the filament temperature (Figure 9 ). The horizontal line and spots 1 & 2 on the infrared image show the spinneret second from the right. Along the horizontal line, spot 1 is the coolest filament area at 292°C and spot 2 is the warmest filament area at 306°C with a 14°C differential. Polyesters have very high emissivity values usually between 0.95-0.97 giving a high degree of accuracy with temperature measurements. It is virtually impossible to zoom in on a single filament, but with multiple filaments an accurate temperature is achievable.
The pattern and spacing of the holes in the spinneret and the angle at which the infrared camera accesses the spinneret influences the results of the scan. Centering the camera left to right and pointing as nearly vertical as possible gives the best results. Using wide-angle lenses for close-up shots can be useful, but can also cause a small amount of visual distortion in the image. This distortion is not a big concern, but something to keep in mind when analyzing the image.
The horizontal line across the center of the spinneret can be plotted on a graph to get a temperature profile along this line (see graph under the infrared image in Figure 9 ). This shows the thermal uniformity across the spinneret and filaments. With the graph aligned under the profile line, points of interests can be easily identified.
A caution should be mentioned at this point without casting any negative reflection on infrared thermometers or their use. Infrared thermometers are widely used in industry to take spot temperature readings in many applications. These instruments are generally very reliable, if used properly; however, an anomaly occurred while using one of these devices to measure spinneret temperatures. The infrared thermometers were reading temperature differentials of 50-60°C at various points across the spinneret. Three different brands of infrared thermometers were tested with similar results. The infrared camera proved that the differentials were not there. To date, no adequate explanation has been found for this problem; however it is known that infrared thermometers are designed to read a spot on an object. The distance from the object to the thermometer determines the size of the spot and everything inside the spot is averaged.
Example 8: Spinning Cabinet
Distribution and velocity of quench air can greatly affect the spun yarn stick point (Tg). In Figure  10 , a glass rod is used to locate the spun yarn stick point and an infrared image was taken at this point. The maximum temperature of the horizontal line in the infrared image (line 1) is 75°C. This maximum occurs at the hottest point across the horizontal profile and the thermal profile graph is needed to determine the uniformity across the entire width of filaments. The graph shows the filaments to be cooling slightly from left to right. This can also be seen from the thermal patterns in the image.
Some quench air screens and the cabinet sides are made from highly reflective metal making infrared scanning of the spinning cabinet difficult. Bulges and unevenness in the screens can create interfering reflections, which come from the heat being radiated by the spinneret. Under most conditions, a non-reflective object can be placed between the screen and the yarn to eliminate the reflections. This object should not be more than one to two inches in height to prevent interference with the quench air.
Example 9: Drafting Rolls
Drafting rolls are usually made of very polished metals and exact temperatures are practically impossible since modifying the surface will alter the characteristics of how the yarn interacts with the drafting roll. A qualitative infrared analysis will give some useful temperature related information. Figure 11 shows an example of a heated drafting roll with a highly polished surface. Each of the yarn strands can be seen and at this point they are cooler than the drafting roll. There are several band heaters around the drafting roll from front to back. The infrared image and the horizontal profile graph of line 1 both show differences in heat distribution across the width of the drafting roll. The heaters closest to the inside are cooler than the heaters near the outside. This is most likely caused by errors in the temperature sensing or controlling instrumentation. Figure 11 illustrates a good example of reflections on polished metal surfaces. The right center of the drafting roll has an oblong shaped reflection from the adjacent drafting roll and one across the bottom from another heat source. Finding the right angle and position to take the infrared image is not always easy, but even with the reflections it is easy to see there is a problem with heat distribution across the drafting roll. The heated drafting roll in Figure 12 shows seven wraps of two strands and is wrapped from left to right. From the profile graph under the infrared image, it is easy to see the strands are heating as they are progressing left to right around the roll. The inside strand is consistently lagging the outside strand in temperature across the roll. This can be the result of quenching problems and denier or orientation problems and can cause poor fiber quality. Figure 13 is an example of yarn leaving texturing jets and running onto a cooling roll. The horizontal profile graph of line 1 shows some uneven heat distribution between texturing jets. The high temperature peaks are the yarn strands and the low temperature peaks are the separators between the grooves on the cooling roll. Adjustments or changes can be made to the texturing jets steam supply to improve the uniformity of the texturing process.
Example 10: BCF Texturing Jets
Example 11: Tow Drying Ovens
The temperature of tow exiting a dryer can vary considerably. The infrared image in Figure  14 is showing the maximum (143°C) and minimum (82°C) temperatures in the area defined as Area 1, which is the first few inches of tow immediately exiting the dryer. As the tow continues down the dryer apron, it shows a nonuniform drying pattern. The way the tow is spread on the dryer apron, speed of the dryer apron, heat distribution in the dryer and airflow are all factors that can affect the dryer operation. Infrared imaging can be used to show the initial condition of the tow leaving the dryer and then to analyze any changes that are made to see if they correct or make an improvement in the dryer operation.
Example 12: Calender Rolls
The uniformity of heating across a nonwoven calender roll can be a concern with certain types of polyester fibers. If the roll has a pol- ished metal surface like the one in Figure 15 and Figure 16 , a qualitative analysis of the heat distribution and patterns must be made. In some instances, a calender roll may have a surface that is embossed or covered with a type of material suitable to make accurate temperature readings.
In Figure 15 , the black bar going through the middle of the infrared image is the green structural member that can be seen in the photograph on the left. Both the top and bottom rolls are heated. The top roll has a fairly uniform heat distribution across the roll with a small area on the left that is elevated in temperature. The bottom roll is uniform on the left and right sides, but non-uniform in the middle. This is very noticeable in the image and the horizontal temperature profile graph. This infrared image was taken without fabric passing through the rolls. Figure 16 shows the same roll with fabric "threaded up." The color patterns of the top roll indicate it is slightly cooler with fabric, but has the same basic temperature pattern across the roll. The bottom roll is no longer visible and the infrared camera is now seeing the fabric. The horizontal profile graph of the fabric shows some influence from the bottom roll being non-uniform in temperature distribution, but overall has evened out. An infrared image should be taken before and after introducing fabric to the rolls before a determination can be made as to whether the heat uniformity across the roll is affecting the fabric.
Conclusions
Infrared imaging is a very useful diagnostic tool for assessing the uniformity of fiber spinning and processing conditions and identifying areas for corrective action.
Optimization of process performance improves quality and brings significant savings.
Appropriate equipment and training in the use of the equipment and software is essential to achieve the maximum benefit from infrared imaging. This paper barely touches on the range of applications possible to benefit from thermal analyses through use of infrared imaging.
